Magnetic resonance images of the vocal tract during sustained production of the fricatives/s, •, f, 0, z, 3, v, 6/by four subjects are analyzed. Measurements of vocal-tract lengths and area functions, and morphological analyses of the vocal tract and tongue shapes for these sounds are presented. Interspeaker differences in area functions are found to be greater in the pharyngeal cavity than in the buccal cavity with the nonstriden: fricatives exhibiting greater differences than the strident ones. The anterior tongue body of the alveolar stridents exhibit concave cross-sectional shapes while that of the postalveolars show a relatively raised tongue body with fiat or slightly convex cross-sectional shapes. The concave tongue shapes of the alveolars result in a more abrupt area function behind the constriction when compared to that of the postalveolars. Laminality or apicality of articulation is found to be speaker dependent. Moreover, a greater degree of anterior roedial grooving and lateral lingua-palatal contact is found in apical alveolar fricatives than in laminal ones. The posterior tongue body of all fricatives shows concave cross-sectional shapes. Voiced fricatives are characterized by larger pharyngeal volumes than the unvoiced fricatives due to tongue-root advancement. Tongue-shape asyr•metries arc found to be subject and, in some cases, sound dependent. ¸
fricatives. Turbulence generation, or source mechanisms, for fricatives are, however, not completely understood. An articulatory and acoustic description of fricatives in different languages is found in Ladefoged and Maddieson (1986) .
In pre',ious studies, information regarding the vocal tract geometry of fricative consonants has been mainly derived from lateral x-ray data (Perkell, 1969; Subtelny et al., 1972;  Badin, 1'991). Midsagittal profiles of sibilants were found to exhibit greater consistency across varying phonetic contexts in mandible and tongue positions when compared to pharyngeal shaping and lip opening (Subtelny et al., 1972) . A tendency toward increased pharyngeal volumes was observed in the voiced sibilant /z/ when compared to the unvoiced /s/ (Perkell, 1969) . The main li•nitations of x rays include radiation risks and difficulty in accurately deducing the crosssectional morphology from mid-sagittal profiles. Other tech-niques such as ultrasound (Stone etal., 1992) , static palatography (Ladefoged, 1957) , and dynamic electropalatography (Fletcher et al., 1989; Hardcastle and Clark, 1981; Hoole et al., 1989) (Dart, 1991) . Articulatory asymmetries have also been observed in sibilant productions (Hamlet et al., 1986; Stone et al., 1992) . Lingual asymmetries in normal consonant articulations are, in fact, widespread across different sounds and languages (Marchal et al., 1988) . None of these studies, however, provides a description of the entire vocal tract during the production of fricatives. MR imaging, on the other hand, could be used to obtain a detailed description of the vocal tract; such 3-D geometry is crucial for modeling fricative production mechanisms (Shadle, 1991) .
I. METHOD

A. Subjects Four phonetically trained, native American English speakers [two males (MI, SC) and two females (AK, PK)]
served as subjects. Subjects AK and MI, both in their twenties, were raised in Northern California and have spent the past seven years in Southern California. Subject SC, in his thirties, spent the first ten years of his life in Indiana and has since been in California. Subject PK, in her early forties, lived in New Jersey and Ohio during her first three years, and in the Boston area through her thirties. Since then she has been in the Los Angeles area.
B. Image acquisition
Magnetic resonance (MR) images were collected using a GE 1.5 T SIGNA machine with a fast SPGR (radio frequency spoiled GRASS) protocol (TE--4.0 ms, TR--12.6 ms, NEX=2, FOV=20 or 24 cm). The image slice thickness was respectively, based on a mid-sagittal localizer image for each subject. Similarly, the scanning region for the sagittal plane was based on axial and/or coronal 1ocalizer images. The data set comprised 28 to 35 images/sound/subject in the sagittal plane, and 40 to 45 •images/sound/subject in the axial and coronal planes. During scanning, the speakers sustained each consonant for about 13-16 s enabling four to five image slices to be recorded (about 3.2 s/image). The consonants were produced in a VC context with the neutral vowel/o/. The subjects repeated each sound six to nine times, with a pause of 3 to 10 s between repetitions, to enable the entire vocal tract to be scanned. Verbal communication was maintained with the subjects through an intercom system.
The data used in this study were collected over a period of six months using the same scanner at the Cedars-Sinai Medical Center (Los Angeles). Pilot studies along with calibration experiments preceded the actual data collection by three months. Each subject was scanned in different sessions on different days. Scanning o'f.e'hch subject in any one particular plane (axial, for example), was completed within the same session, which typically lasted for about 1-} to 2 h. Scanning in each of the three orthogonal planes was carried out in different sessions. In addition to fricatives, the data set also contained vowels and liquids.
C. Image analysis
The data were processed on a special-purpose MR image processing workstation (ISG-Allegro, Silicon Graphics based system). All data processing was performed by the first author in a dark radiology reading room. Image processing was performed in several steps. The first step involved seg--menting the regions of interest in the image. Preliminary segmentation of the vocal tract airway was achieved using an automatic thresholding procedure that relies on the contrast between the airway and the surrounding tissues (the airway appearing relatively darker than most of the surrounding soft tissue). Due to variabilities and complexities in the vocaltract morphology (for example, the lower-pharyngeal and laryngeal regions) and nonuniformities in the image contrast (for example, regions near the teeth) automatic thresholding procedures may frequently be insufficient and/or result in erroneous segmentation. Hence, automatic thresholding was followed by a careful verification of the selected regions in each image, and appropriate boundary corrections were made manually. Various aids such as radiology/anatomy atlases (Schnitzlein and Murtagh, 1990) , and dental casts of the subjects were used to ensure accurate segmentation. Following segmentation, three dimensional reconstruction of the entire vocal tract, or specific regions such as sublingual cavities and pirifonn sinuses, were made by computer-aided concatenation of the selected regions of interest. Length, area, and volume measurements were made directly fiom any specified region of interest in the raw and/or reconstructed 3-D images using a pixel counting algorithm. Images scanned from a particular plane (coronal, for example) could be used to obtain cross-sectional information along ary other desired plane (arbitrary oblique sections, for example) through computerized image reformatting. Such a procedure, however, results in the degradation of image quality when compared to the original scans. In this study, coronal and axial scans •3xe used to measure and analyze the cross-sectional areas and morphology of the "front" region (buccal cavity extendin• from the lips to the posterior pharyngeal wall) and "back" region (pharyngeal cavity extending from the uvula to the beginning of the trachea), respectively.
D. Area function and length measurem•nts
Cross-sectional areas were directl[y measured from the coronal and axial scans to provide infbrmation on the front and back regions, respectively. Due to the slight curvature of the vocal tract in the front and back regions, the area values obtained from the raw coronal and axial slices differed from those measured along the planes perpendicular to the midline of the vocal tract by approximately a cosne factor of the angle between the two planes. Nevertheless. since the curvature is small, the raw coronal and axial scaas still provide a fairly accurate representation of the front and back regions, respectively. Area-function estimates in previous studies have relied on a similar assumption (Ladefoged et al., 1971; Mermelstein, 1973; Baer et al., 1991) . Raw ,zoronal and axial scans, however, do not yield useful area information along the vocal tract's bend and image reformatting becomes unavoidable. Since mid-sagittal profiles provide the most convenient reference for specifying grid locations for performing area calculations, sagittal scans are chosen for area calculations from reformatted images, particularly along the vocal tract bend. Mid-sagittal data are', alsc. used for length measurements.
Our calibration experiments indicated [hat, on average, overestimated errors in area measurements :?rom raw images ranged between 2%-8%; errors in volun•e measurements ranged between 1.3%-8.0%, and the averag• error for length was 3.4%. In general, measurement of smaller dimensions resulted in larger errors. Errors in the area measurements from reformatted sections ranged between 3 %-10%. Details regarding the calibration experiments are given in the Appendix.
I. Coronal measurements
Analysis of the front region yields important information regarding the fricatives' constriction geometry and crosssectional tongue shapes. Coronal sections in the buccal cavity beginning at the lips and ending near the posterior edge of the back of the tongue body, showing no pharyngeal sections, were considered for area-function measurements in the front region. The number of sections considered for area calculations differed slightly depending on the subject's anatomy and sound produced.
Estimates of the minimum supraglottal constriction area (A•.) were obtained directly from raw coronal scans. Although the image slice corresponding to A c gives an approximate indication (within -+3 mm) of the location of the constriction (x,:), a more accurate x• estimate could be made from the mid-sagittal profiles, as is described in Sec. II D 3. Areas and volumes of the sublingual cavities, such as those observed during the productions of/j7 and/3/, were also measured. Airway areas below the tongue surface that were distinctly separated from those above the tongue surface, observed in the coronal sections of the front region, were identified as sublingual cavity components. Volumes were obtained by 3-D reconstruction of these sublingual components.
Two problems were faced when calculating the crosssectional areas in the front region:
(1) There were difficulties in specifying the boundaries at the regions sideways to the lips, typically in the first section through the lips. In most cases, however, approximate boundaries could be specified based on the upper and lower lip boundaries. Frames from a video tape of the front and sides of the mouth, recorded from the subjects on a later date, were also used to aid in the segmentation of the lip areas. Video recording was done while subjects assumed a supine position similar to that assumed inside the MRI scanner.
(2) Unclear teeth boundaries with respect to the airway also posed problems, particularly in the anterior part of the front region. Several measures were undertaken in an attempt to enhance the contrast between the teeth and the airway. These measures included smearing the teeth with mineral oil, with a thin coat of paraffin wax and with a paste of of about 1 cc of GD (gadolinium) in about 30 cc of a Barium Sulfate Esophageal cream (EZ-paste). None of these measures yielded satisfactory results. Hence, we relied on measuring the dimensions of the oral structure, such as teeth sizes and the distance from the incisors to the alveolar ridge using precision callipers from each subject's stone dental casts (Baer et al., 1991 (3) Mid-sagittal MRI data could be used for comparative analyses with published mid-sagittal tracings from x-ray data.
II. MORPHOLOGICAL ANALYSIS
Morphological analysis of the vocal-tract shapes was pen formed in several steps. First, overall tract shapes were analyzed using mid-sagittal profiles and complete 3-D models were reconstructed from appropriately segmented raw scans. All the 3-D reconstructions reported in this study, except those of the piriform sinuses, were constructed using coronal scans; the piriform sinuses were reconstructed using axial scans. Sample midsagittal profiles for the voiceless and voiced fricatives by subject MI are shown in Figs Fig. 12(a)-( raising, however, was speaker dependent, and was found to be most striking for AK. No significant differences were found between the crosssectional tongue shapes of Is/and Izl for any of the subjects.
The tongue body behind the constriction for I$l and 13/ rises slightly along its midline, before it starts sloping toward its posterior end [for example, Figs. 2(d), 3( tongue-root advancement has also been observed in voiced stop consonants (Westbury, 1983 In general, among the fricatives, the labiodentals exhibited the most variability across speakers. The variations in the labiodentals are not surprising: The tongue, which is the principal articulator for the other fricatives, is relatively unrestricted for the labiodentals. In fact, the acoustical characteristics of labiodentals are greatly influenced by the vocalic environment (Harris, 1954) . Such coarticulatory effects are expected to play a significant role in the overall tongue shapes assumed in a labiodental articulation.
The voiced fricatives exhibited a tendency toward slightly larger area values in the region immediately behind the constriction when compared to their voiceless counterparts. In the mid-and low-pharyngeal areas of the back region, the voiced fricatives showed significant tongue-root advancement resulting in relatively larger pharyngeal volumes when compared to the unvoiced cases. In addition, the posterior tongue region for the voiced fricatives was raised slightly higher than it was for the voiceless fricatives suggesting the influence of tongue-root advancement observed in the voiced cases. The amount of tongue root advancement varied across the different places of articulation and subjects; the variations, however, do not occur in a systematic way. Voiced labiodental fricatives are the only fricatives that do not show marked tongue-root advancement. Enlarged supraglottal volumes in phonetically voiced sounds have been observed in previous studies (Perkell, 1969; Westbury, 1983 ).
The increased pharyngeal volumes for the voiced fricatives and stops may be a possible mechanism for sustaining the transglottal flow during voicing. Another possible mechanism for sustaining flow in the presence of increased supraglottal pressure is a decrease in the compliance of the vocal tract wall (McGowan etal., 1995) . The relatively small tongue root advancement for the labiodentals supports such a possibility. The results suggest that the tongue-root advancement mechanism is more likely in the case of the lingual fricatives, where the tongue is actively involved in dictating the aerodynamic features such as constriction formation.
Asymmetries in tongue shapes and lingua-palatal contacts were found to be subject dependent and provide converging evidence supporting the results of previous articulatory studies. These asymmetries mostly occurred in the posterior tongue region and near the alveolar region; this was especially true for the stridents. The asymmetries observed near the alveolar region of the stridents may be attributed to aerodynamic constraints in directing the air jet toward/along an obstacle such as the teeth (Shadle, 1990) . The asymmetries in the posterior tongue region, also a subject-dependent behavior, may be influenced by the supine position assumed during the scanning. No gender-related differences were detected in the articulation patterns.
The tongue shapes for Is/and/z/suggest that apical or laminal articulations for these sounds are speaker dependent. The alveolar fricatives are characterized by postconstriction tongue concavity, the degree of which is found to be subject dependent. The apical/laminal nature of the anterior tongue is found to influence the tongue body shape behind the constriction: The anterior tongue body behind the constriction reveals a relatively deeper grooving for the apical alveolars when compared to the laminal ones, contributing to a relatively rapid increase in area values behind the constriction. This observation regarding intersubject variability in apicality and laminality in the alveolars' production agrees with Dart's (1991) study. We disagree, however, with Dart's speculation on deducing cross-sectional tongue shapes from lateral x-ray data for French and English apical alveolars [Dart (1991, Fig. 2(c) ], who also has the highest degree of concavity among our subjects, is very similar to the mid-sagittal tracing of the French apical alveolar with the postulated convex cross-sectional shape. We also found that the midsagittal profile ,)f/s/for speaker PK, which was articulated with less apical!•ty and concavity than the other subjects, was most similar to the x-ray tracing of the English apical alveolar. Hence, mid-s •gittal x-ray tracings are not sufficient to indicate the convexity or concavity of the cross-sectional tongue shapes in fric:•tive production.
The'. postalveolar fricatives do not exhi!)it any concavity in the constriction region. As a result, a more gradual increase in postconstriction area function is observed in the postalve. olar fricatives when compared to the alveolars. In the posterior tongue region, significant effects of palatality result int relatively larger areas in the postalveolar fricatives, with the degree of palatality being subject diependent. On the other hand, the alveolar fricatives reveal slight raisintg of the tongue back in the posterior region, the amount of which is again subject-dependent, resulting in smaller areas in that region. These observations agree with other articulatory studies based on palatographic data (Ladefo Based on the tongue-shape observations and the acoustic theory of speech production, we can speculate on the articulatory-to-acoustic transformations for fricatives. In the case of the alveolar consonants, the concavity ("grooving") helps in directing the jet toward the incisors, which serve as an obstacle to the impinging jet and is believed to play an importan•I role in turbulence generation. Turbulence generation for the postalveolars is probably manifested along the upper wall (palatal roof) of the vocal tract near the supraglottal constriction and at the teeth, at a location, in general, higher tl•tan that of the alveolars. Palatality together with "doming" of the tongue front, perhaps, play a key role in guiding tire airflow upward along the tongue surface close to the roof of the mouth and toward the upper teeth. The anterior tongue region for the interdentals also reveal tongue shapes that facilitate in directing the air jet through the constriction between the upper teeth and the tongue. The concave posterior tongue shapes found in all the fricatives is to facilitate the airflow from the pharyngeal to the buccal cavity.
The vocal tract and tongue shapes for the labiodentals exhibited wide variabilities. Hence, it is not possible to posit generalized aerodynamic characteristics for the labiodentals with the currently available data. Recall that the tongue shapes described in this paper correspond to sustained consonants produced in a VC context with a neutral vowel. It remains to be seen how tongue shapes are affected by coarticulatory effects in different vocalic environments, especially for labiodental fricatives. Electropalatography and faster MRI machines could provide better insights in these dynamic scenarios.
This paper provides a detailed study of the articulatory configurations of fricative consonants. The significance of an accurate description of the 3-I) geometry in understanding and modeling fricative source mechanisms has been detailed by Shadle (1991) . The availability of fairly accurate dimensions and cross-sectional shapes may be exploited in specifying more realistic production models. For example, acoustic coupling between the front and back cavities can be modeled accurately. The acoustic significance of the sublingual cavities and pitiform sinuses could be studied in greater detail. With the availability of data from four subjects, one can begin to investigate intersubject variabilities in the articulatory domain. In the future, detailed acoustic modeling based on the data reported in this paper will be presented.
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APPENDIX
Calibration experiments
Extensive calibration experiments were performed with the objective of identifying sources of errors in the various stages of data acquisition and processing and to quantify the performance and reliability of MRI data for modeling purposes. All calibration data were collected using the same MRI scanner and the same scanning protocols used for the human subjects in our study. Furthermore, data-processing techniques employed were identical to those employed for surprising due to the extreme bending; the raw crosssectional areas do not correspond to the actual areas in the plane perpendicular to the midline of the tubes. The errors for tube C, however, are not appreciable due to the fact that the "leg" regions were approximately orthogonal to the scanning planes. Interestingly, a simple coordinate transformation using a cosine factor, of the raw areas from the first two cases to reflect the areas in a plane perpendicular to the midline of the tubes, using the angles measured from the respective 3-D reconstructions, resulted in decreased errors of 5.4%(+_3.4%) and 7.6%(+4.8%) for tubes A and B, respectively. The higher errors for tube B may be attributed to inaccuracies in the actual area and angle measurements due to the highly nonuniform nature of the U-tube along the bends. Finally, errors in the areas calculated from reformatted sagittal data were 10%(+_5%), 3%(_+2%), and 4.6%( _+2.2%) for tubes A, B, and C, respectively. The areas were calculated directly by employing a grid overlay specifying oblique cuts along planes perpendicular to the tube midline over the entire length. The relatively large errors for tube A may be attributed to our assumption that the area is uniform while there may be slight deformities in the tube.
Note that segmentation errors in the reformatted images were not accounted for in the calibration experiments since
